Background
Introduction
During fractionated radiation therapy, pancreatic tumors show large interfractional as well as intrafractional position variation [1, 2] . Daily positioning of the patient based on intratumoral fiducials improves the treatment accuracy significantly [3] . To account for the respiratory-induced tumor motion, often a 4DCT is obtained and an internal target volume, encompassing the clinical target volume during the entire respiratory cycle, is created. Alternatively, other planning techniques can be used such as mid-ventilation. In mid-ventilation the tumor is delineated in its mean respiratory position and a safety margin is calculated by regarding the respiratory tumor motion as random motion [4] . Abdominal compression or technically more challenging techniques such as gating or tracking can also be employed to limit or account for tumor motion [5, 6] .
To eliminate respiratory-induced tumor motion, breath-holding (BH) techniques, either at exhale or at inhale, are widely used for a variety of clinical applications [7] [8] [9] [10] [11] [12] [13] [14] . For example, inhale BH is often used for breast cancer patients to increase the distance between the heart and the planning target volume [13] . For abdominal tumors, BH is often applied to achieve a more stable tumor position. However, not all patients are able to perform BH, especially exhale BHs [9] [10] [11] [12] . Several groups investigated the positional reproducibility and stability of tumors and organs between and during multiple BHs within one fraction. Between consecutive exhale BHs within a single fraction, the position variation of anatomical landmarks close to the target volume has been reported to be up to 3.3 mm for pancreatic cancer patients [12] . For the diaphragm and liver tumors during exhale BHs, good stability has been reported [9, 11] . When using BH during radiotherapy, daily positioning based on cone-beam CT (CBCT) imaging while the patient is in BH should be use to account for interfractional position variations [15] . Also, to improve the accuracy of the daily positioning of the patient, the image registration between the daily CBCT and pre-treatment CT should be based on the diaphragm instead of bony anatomy [16] . However, exhale BH durations are generally shorter compared with inhale, as performing exhale BHs can be more challenging for patients [9, 11] .
Inhale BHs may be more suitable for certain patient groups. For example, in abdominal cancer patients inhale BH is being used on a daily base in many clinics [10, 14] . For inhale BHs, the position variation between consecutive BHs within one fraction has been reported to be up to 7.0 mm for the diaphragm [7] and 2.5 mm for pancreatic tumors [10] . Organ motion during inhale BHs has only been investigated for lung cancer patients; studies have reported motion magnitudes during inhale BHs of up to approximately 5.4 mm for the diaphragm and 3.8 mm for lung tumors [7, 8] . During inhale BHs in healthy volunteers, drifts of the diaphragm of up to 15.0 mm in the superior direction have been observed [17, 18] . These drifts may (partially) be attributed to the known decrease in lung volume during BH, which likely results in motion of the diaphragm [19, 20] . Regarding abdominal tumor stability during inhale BH, nothing has been reported so far. Therefore, more research is needed to quantify the uncertainties during inhale BH.
The aim of this study was to quantify the motion of pancreatic tumors during voluntary inhale BHs as well as the position variation between consecutive BHs on a single day. We extensively investigated the tumor motion during inhale BH and the position variation between inhale BHs by using intratumoral fiducials and fluoroscopy in pancreatic cancer patients. The motion of the diaphragm during BH was measured as well to investigate the relation between tumor and diaphragm motion and to establish whether the diaphragm motion can be used as a surrogate for tumor motion during BH.
Materials and methods

Patient population and feasibility
Twelve pancreatic cancer patients were included in the period April 2014 through June 2015. Included patients should be able to hold their breath for at least 30 s and should receive radiotherapy. Since two patients quit the study before any measurements were performed, we included 12 consecutive patients in order to obtain BH measurements for 10 patients. Patient 11 and 12 were included in very close succession and were therefore both included in the analysis even though patient 12 quit the study prematurely. The study was approved by the local ethics committee and all patients had given written informed consent. As part of standard clinical practice, each patient had been implanted with 2-4 intratumoral Visicoil fiducials (RadioMed, Barlett, TN, USA; thickness, 0.35 mm; length, 1.0 cm).
The intratumoral fiducials were implanted using an endoscopic ultrasound-guided procedure [21] .
The patient group consisted of 7 males and 5 females and the mean age was 66.7 years (range: 57-80 year). Each patient was asked to perform 30-second inhale BHs as is used for many treatment sites, including abdominal tumors [14] . On each measurement day, the patient, if able, performed three consecutive BHs on day 5, 10 and the last day of the treatment (i.e. day 13 or 15 depending on the treatment scheme). The BH measurements were performed after the patient was irradiated. For patient 11, who had a treatment scheme of 20 fractions, the measurements were done on day 5, 10 and 15. On each measurement day, the patient was asked to score the feasibility of performing the three BHs by giving a grade from 1 (not achievable) to 10 (very easily achievable).
Breath-hold procedure and measurements
To compare the tumor motion during BH with the respiratory-induced tumor motion, for each patient the respiratory motion magnitude prior to each treatment fraction was obtained from the daily CBCT, using the method described in an earlier study from our group [2] .
Similar to the clinical BH protocol that is used for breast cancer patients at our department, each patient attended a 60-minutes instruction session before he or she received the pre-treatment planning CT scan. During this session the BH measurement protocol was explained and the ability of the patient to hold his or her breath for 30 s was tested. The physicians and radiation technologists that were involved in the study were extensively informed on the study protocol and during each BH measurement one of the main investigators was present.
During BH, patients were monitored using the SpiroDynr'X (SDX) system (Dyn'R, Aix-en- Breath-holding for pancreatic cancer patients   91   5 Provence, France), which registered airflow through a mouthpiece using a spirometer ( Fig. 5.1a ). The airflow was logged and visualized and real-time visual feedback of the airflow was given to the patient through video goggles (Fig. 5.1b) . Airflow through the nose was prevented by using a nose clip.
BHs were performed in inhale at 75% of the maximum inhalation volume, as is standard clinical practice in breast cancer patients at our institute. When the patient received his or her pre-treatment planning CT scan, the maximum inhalation volume was determined using the SDX system and the BH window was set to 75% of that volume ±100 ml (indicated by the green bar in Fig. 5.1b) . For each BH, the patient was asked to inhale until this window was reached and then hold their breath, after which the measurement was started. A BH was considered to be successful if the patient remained within the predetermined BH window for 30 s (i.e. no substantial airflow during BH) and this was monitored using the SDX system. When the patient was unable to reach or stay within the window, the measurement was aborted and the patient was asked to retry the BH.
During each BH, a fluoroscopic movie was made using the on-board cone beam CT imaging system (Synergy, Elekta Oncology systems, Crawley, UK) with the gantry angle fixed at 0 degrees (lateral movies). Each 30-second movie consisted of 150 projection images (512×512 pixel 2 ) in which the implanted intratumoral fiducials were visible. As these fiducials have been shown to be representative of tumor position [1] , we equated their motion to that of the tumor.
To track the tumor position, we measured the displacement of the fiducials in each frame using an in-house developed algorithm in MATLAB (The MathWorks Inc., Natick, MA). In the first frame a rectangular region, placed tightly around the fiducials, was selected as the template. To save computation time all frames were cropped to a smaller region that contained all possible fiducials positions during the entire movie. Next, a Prewitt edge enhancement filter was applied to each image.
Then, 2-dimensional image correlation was used to find the most likely location of the template within each subsequent frame. This was done by calculating a zero-normalized cross-correlation coefficient for every possible template position and selecting the position with the highest coefficient [22] . This The SpiroDynr'X (SDX) system with (a) the mouthpiece to measure airflow and the video goggles that are used to give visual feedback to the patient and (b) the image that is shown to the patient using the video goggles. The patient sees his or her breathing pattern and the green bar indicates the breath-hold window.
method provided the displacement of the template for every movie frame, resulting in the motion of the intratumoral fiducials in the inferior-superior (IS) and anterior-posterior (AP) direction during a single BH. The motion was obtained with a resolution of one pixel, which in the patient corresponded to 0.5 mm at the isocenter. For each movie we visually confirmed that the template was correctly matched to the fiducials.
The motion of the diaphragm was also tracked to investigate the relation with tumor motion.
The diaphragm motion was obtained using the same tracking procedure, only now the template was defined as a thin (width of 3-5 pixels) vertical region including the diaphragm-lung transition at the top of the dome of the diaphragm. For the diaphragm we only extracted the motion in the IS direction.
To illustrate the motion during breath-hold, the first BH movie of the first three patients are published BHs on a single day only contribute to the intra-fractional uncertainty; as all displacements were measured relative to the first BH of that day, the inter-fractional uncertainty was eliminated. Also, we assumed that there was no fiducial migration during a single measurement day. When a treatment fraction requires multiple BHs and the patient is positioned using a CBCT obtained during the first BH, the only relevant uncertainty is that of the tumor position relative to the isocenter within the following BHs. To determine whether there were patient shifts between BHs, we measured the position variation of the vertebra at the level of the tumor using the aforementioned 2-dimensional image correlation.
Data analysis
For each fluoroscopic movie the tumor displacement over time relative to the initial tumor position during the first BH was plotted for the IS and AP direction separately; inferior and anterior were defined as the negative directions. We determined the maximum displacement in each of the four directions and defined the magnitude of motion in IS and AP as the distance between the two maximum displacements in the respective directions within a single BH. The same was done for the diaphragm (IS only).
For the respiratory motion magnitude, the motion magnitudes during BH as well as the position variations between BHs, the mean and standard deviation (SD) over the patient group were 93 5 determined by first calculating the mean per patient and averaging these means over all patients.
Correlation plots of the tumor motion during BH in both IS and AP versus the diaphragm motion in IS were generated and simple linear regression was performed. Pearson correlation coefficients (r) were calculated for each BH. We also calculated r between the position variation between consecutive BHs of the diaphragm in IS and the position variation of the tumor in IS and in AP over all patients and measurement days. Correlations were defined as strong when 0.6≤|r|<0.8 and very strong when |r|≥0.8.
The airflow over time, as obtained from the SDX system, could not be related one-to-one to the fluoroscopic movies, because the system saved the airflow data using a variable time scaling.
Therefore, only a qualitative comparison was performed between the airflow during BH and the motion of tumor and diaphragm.
Results
We obtained a total of 76 30-second inhale BHs. The BH procedure was reasonably well tolerated by the majority of the patients; for six patients, all nine BHs were performed successfully. For six patients a total of 32 BHs were not performed due to technical difficulties (8 BHs) or physical inability of the patient to perform the requested BH (24 BHs). Patient 7 and 12 quit the study before completing a single BH. A mean feasibility grade of 7.2 was given by the patient group (Table 5 .1).
The group mean absolute tumor motion magnitude during BH was 4.2 (SD: 2.3) mm and 2.7 (SD: 1.1) mm in the IS and AP direction, respectively, whereas the group mean absolute respiratory motion magnitude in IS as measured on CBCT was 6.9 (SD: 2.8) mm ( For the three consecutive breath-holds on measurement day 1 of patient 9, the motion during breath-hold of (a) the fiducials and (b) the diaphragm. In (c), the airflow as measured by the spirometer, with the x-axis in arbitrary units (see text). Mean values by averaging over all patients for whom the data were available. For example, the group mean motion during BH is over the 10 patients who performed at least one BH and the group mean respiratory motion magnitude is over all 12 patients. §
Tumor encasement of the superior mesenteric artery.
ǁ
Adenocarcinoma of unknown primary origin, dorsal to the pancreatic head with encasement of the coeliac trunk.
The airflow data from the SDX system were obtained for 72 BHs; for 4 BHs no airflow data were obtained due to technical difficulties. A non-zero airflow was observed in only a minority of BHs. In these cases, the airflow was small, mostly stepwise in nature and did not explain the observed tumor and diaphragm motion. Figure 5 .6 shows an example of three consecutive BHs for patient 9, during which considerable tumor and diaphragm motion during BH was observed in the IS direction, but no airflow had occurred.
Discussion
We Whether the use of BH is beneficial compared with free breathing depends on multiple factors.
Between the group mean respiratory-induced motion magnitude obtained from daily CBCTs and the group mean absolute tumor motion during a single BH (Fig. 5.2 ) we observed only a small difference (2.7 mm in IS) for this patient group. However, there is a large variation between patients in the motion magnitudes during BH, the respiratory motion magnitudes as well as in the difference between these two motion magnitudes. Also, in earlier work we showed that there can be a large mismatch between the daily respiratory motion and the motion measured on the pre-treatment 4DCT [2] , which can lead to a suboptimal treatment if the patient is breathing freely during treatment. Further research is needed to be able to determine beforehand which patients may benefit from BH and to investigate whether it is beneficial compared with other techniques to control respiratory motion, such as abdominal compression or shallow breathing [5, 23] .
The use of a window at 75% of the maximum inhalation volume in this study was derived 99 5 from the breast cancer treatment protocol used in our department. For breast cancer the objective of BH is to increase the distance between the irradiated volume and the heart. In this study, BH was aimed at increasing positional stability and reproducibility of the tumor position; therefore, it is possible that a different approach, such as a window at >75%, would yield better results. Future studies investigating different BH windows at different lung volumes should therefore be initiated. Also, the patient might benefit from a more elaborate training in stabilizing the abdominal muscles; it has been shown that using an active breath control system to induce BH in combination with training extended BH duration significantly [24] .
In the literature, it has been shown in 12 volunteers that the duration of BH can be safely extended to a mean of up to 5.5 minutes when pre-oxygenation and hypocapnia are introduced [25] .
If BHs of several minutes can be used during treatment, the daily positioning of the patient and the actual delivery of the radiation could be executed within a single BH. Since this will eliminate inter-BH position variation, the use of a single BH may reduce geometric uncertainty.
If the remaining uncertainties of using an optimized BH technique will require safety margins that are still comparable to the clinical target volume enlargement needed to form an internal target volume, it may be concluded that the use of BH to stabilize the tumor is not optimal. Because of the nature of the observed uncertainties during and between BHs (e.g. systematic drifts in a part of the patients), calculation of the required safety margins is not straightforward and more research is needed to determine these margins. Also, the tumor motion magnitude during BH varied considerably from one BH to the next and this could result in substantial interfractional uncertainties in the tumor position that would also need to be accounted for. It might be better to use a mid-ventilation approach combined with free breathing as this results in target volumes that are significantly smaller compared with the use of an internal target volume [4] .
Conclusion
We observed substantial tumor motion during 30-second BHs as well as considerable tumor position variation between consecutive BHs. We strongly recommend quantifying these residual uncertainties further before introducing breath-hold during radiation treatment of pancreatic cancer patients.
The tumor and diaphragm motion during BH manifested itself as a slow drift. However, due to the absence of a clear relation between tumor and diaphragm motion, the diaphragm cannot be used as a surrogate for tumor motion. Future research should focus on improving the breath-hold procedures so that the benefit compared with free breathing can be augmented. 
Appendix A: Example breath-hold movies
Appendix B: Example projection images and fiducial displacement
To illustrate the type of images that were used for the 2-dimensional image correlation and to demonstrate the algorithm's ability of correctly measuring the motion of the intratumoral fiducials we show three examples (Fig. B5.1-B5.3 This location is copied to the later projection image and the second crosshair in this image indicates the fiducial location at the later time point given by the algorithm.
Appendix Table B5 .1 gives the time point of the later projection image as well as the displacement in both directions as determined by the algorithm for this time point in millimeters and in pixels. 
Appendix C: Vertebra position variation between breath-holds
We measured the position variation of the vertebra at the level of the tumor between consecutive BHs to determine whether the patient shifted between the BHs on a single measurement day (Fig. C5.1 ).
We also measured the mean vertebra displacement during all 76 BHs (Fig. C5.2 ). No data is shown for patient 7 and 12 since these patients were unable to successfully perform a single BH. 
Vertebra position variation IS (mm) Number of measurements
